Cellulase gene expression in the model cellulolytic fungus Trichoderma reesei is supposed to be controlled by an intricate regulatory network involving multiple transcription factors. Here, we identified a novel transcriptional repressor of cellulase gene expression, Rce1. Disruption of the rce1 gene not only facilitated the induced expression of cellulase genes but also led to a significant delay in terminating the induction process. However, Rce1 did not participate in Cre1-mediated catabolite repression. Electrophoretic mobility shift (EMSA) and DNase I footprinting assays in combination with chromatin immunoprecipitation (ChIP) demonstrated that Rce1 could bind directly to a cbh1 (cellobiohydrolase 1-encoding) gene promoter region containing a cluster of Xyr1 binding sites. Furthermore, competitive binding assays revealed that Rce1 antagonized Xyr1 from binding to the cbh1 promoter. These results indicate that intricate interactions exist between a variety of transcription factors to ensure tight and energyefficient regulation of cellulase gene expression in T. reesei. This study also provides important clues regarding increased cellulase production in T. reesei.
Introduction
The ascomycete Trichoderma reesei, a saprotrophic filamentous fungus, encodes a wide repertoire of cellulases and hemicellulases as well as lytic polysaccharide monooxygenase (LPMO) for biomass degradation. The secreted enzymes synergistically act upon the insoluble cellulosic material to achieve its efficient conversion to fermentable sugars (Lynd et al., 2002; Quinlan et al., 2011; Eibinger et al., 2014; Harris et al., 2014) . The secretion of up to 100 g l 21 of protein has been reported for T. reesei under optimal growth conditions (Peterson and Nevalainen, 2012) . However, compared with the extensive characterization of its various cellulase components, the regulation of cellulase production in T. reesei is still not completely understood. The ability of T. reesei to produce a high cellulase load has been postulated to arise from its capacity to sense and respond rapidly to changes in the nutritional status of its environment . A better understanding of the robust but intricate regulatory networks controlling cellulase gene expression in T. reesei will improve the successful implementation of T. reesei in the biofuel industry by reducing the costs for producing enzymatic cocktails. In T. reesei, the energy-efficient production of cellulases and hemicellulases is achieved by tight gene regulation, including inducer-dependent expression and fast metabolized carbon source-mediated repression of related genes. Although the precise nature of the true 'inducer' and 'repressor' remains elusive, several regulatory factors have been extensively studied and proven to be responsive to these environmental cues. While Cre1 is the main transcription factor that mediates the carbon catabolite repression (CCR) of cellulase gene expression (Ilmen et al., 1996) , Xyr1 (Xylanase regulator 1) is absolutely necessary for activating the expression of most cellulases and hemicellulases in T. reesei as well as in two other saprotrophic fungi Aspergillus niger and Aspergillus oryzae (van Peij et al., 1998; Marui et al., 2002; Stricker et al., 2006) . However, Xyr1 orthologs are only required for hemicellulase gene expression in Neurospora crassa, Fusarium oxysporum, Aspergillus nidulans and Magnaporthe grisea (Brunner et al., 2007; Calero-Nieto et al., 2007 , Klaubauf et al., 2014 . Other characterized factors in T. reesei include the positively acting Hap2/3/5 complex (Zeilinger et al., 2001) , Ace2 (Aro et al., 2001) and Ace3 (Hakkinen et al., 2014) as well as the negatively acting factor Ace1 . Three other regulatory factors including VELVET (Karimi Aghcheh et al., 2014) and the putative methyltransferase Lae1, which control cellulase synthesis (Seiboth et al., 2012) , and BglR, which regulates b-glucosidase genes, have also been described in T. reesei (Nitta et al., 2012) . In both vel and lae1 deletion mutants, a block in cellulase and xylanase expression was observed, though the precise underlying mechanism is still unclear. Similar to T. reesei, novel factors involved in regulating genes that encode plant cell walldegrading enzymes have also been identified in other filamentous fungi (Colabardini et al., 2012) . Interestingly, two recent transcriptome analyses have suggested that among the over 400 CAZy genes in T. reesei, only a few genes appear to be directly regulated by Xyr1 (Dos Santos Castro et al., 2016) and Cre1 . In light of the above findings, it can be readily assumed that a more intricate regulatory network that involves other unknown transcription factors must be present in T. reesei.
In this study, we performed a yeast-based one-hybrid screen to isolate cellulase regulators. We describe the identification and functional studies on a novel repressor of cellulase gene expression, Rce1. We show that Rce1 acts as a specific transrepressor that regulates the induced cellulase expression but not the xylandependent induction of xylanases in T. reesei. We also provide evidence that rce1 plays a role in terminating the induction process. We further demonstrate that Rce1 functions by competing with Xyr1 for binding to the cbh1 promoter.
Results
Isolation of the rce1 gene that codes for a cbh1 promoter binding protein
To isolate additional transcriptional regulators of cellulase genes, a yeast one-hybrid screen was performed based on the 1.5 kb-long promoter from the T. reesei cbh1 gene fused to an Aureobasidin A (AbA) resistance gene AUR1-C, where the AUR1-C gene is not expressed without cbh1 promoter activation. A T. reesei cDNA expression library prepared under cellulaseinducing conditions was transformed into the reporter strain and transformants were selected on plates containing 100 ng ml 21 AbA. Twenty-three out of approximately 10 5 transformants were picked from the selective plates. One of the clones contained a cDNA library plasmid named pAS6 (Fig. 1A) . Sequencing analysis of the cDNA in the pAS6 plasmid revealed a 2214-bp open reading frame encoding a 737-amino acids protein including an ATG start codon. The binding ability of the full-length protein (GenBank: XP_006962886.1), hereafter named Rce1 for repressor of cellulase expression, to the cbh1 promoter was further verified by activating the lacZ reporter gene when it was co-transformed with a plasmid expressing Rce1 in yeast Y187 (Fig. 1B) . Rce1 was annotated as a fungal-specific transcription factor due to the presence of a typical zinc binuclear cluster DNA binding motif (Zn(II)2Cys6) at its Nterminus (MacPherson et al., 2006) . Transcriptional analysis revealed that rce1 transcripts were relatively higher in glycerol or glucose but lower when transferred to Avicel conditions ( Fig. 2A) . Phylogenetic analysis showed that Rce1 is relatively more conserved in four Trichoderma species with sequenced genomes, A. A plasmid (pAS6) containing rce1 cDNA combined with the bait plasmid pRS2 allowed yeast transformants to grow in the presence of AbA. Growth was not observed for the negative controls containing either pGADT7 plus pRS2/pRS1 or pAS6 plus pRS1 without the cbh1 promoter. Serial dilutions of yeast cell suspensions were spotted onto selective plates and incubated for 3 days. B. Quantitative analysis of the activation of lacZ expression due to Rce1 binding to the T. reesei cbh1 promoter in the yeast-based screen. b-galactosidase activity is expressed as Miller units.
including T. atroviride, T. virens, T. harzianum and T. gamsii, with sequence identity higher than 65% (Fig.  2B ). Rce1 homologs can also be found in many other filamentous ascomycete species, including plant and animal fungal pathogens, as well as in several typical cellulolytic fungi species, including the distantly related A. niger, A. nidulans and N. crassa, though their sequence homology to Rce1 is much lower (30% identity) compared with the Trichoderma species. However, none of these supposed homologs have been assessed regarding their functional involvement in plant cell wall deconstruction.
Effect of rce1 deletion on cellulase gene expression
To study whether rce1 affected the induced cellulase gene expression, a rce1 null mutant (Drce1) was generated by replacing the rce1 coding region with the orotidine-5-decarboxylase gene pyr4 in T. reesei TU-6 (Supporting Information Fig. S1 ). Deletion of rce1 had hardly any effects on growth compared with the pyr4-complemented TU-6 control strain TU6-RP (Supporting Information Fig. S2 ). Analysis of the extracellular pNPC and pNPG hydrolytic activities from the Drce1 culture supernatant on cellulose demonstrated that the absence of rce1 resulted in a significant increase in extracellular cellobiohydrolase and b-glucosidase activities ( Fig. 3A-C) . Western blot analysis for the major cellulase component, Cbh1, confirmed that rce1 deletion resulted in a higher expression of Cbh1 than in the control strain ( Fig. 3D and Supporting Information Fig. S3 ). Complementation of the Drce1 strain with the rce1 gene expressed under native conditions from its endogenous locus restored the normal induction kinetics (Supporting Information Figs. S1 and S4). However, the absence of Rce1 had hardly any effect on the induced expression of xylanases by xylan, indicating the specific effect of rce1 on cellulose induction (Fig. 3E ). To test whether Rce1 exerts its effects on cellulase production at the transcriptional level, we examined endogenous mRNA levels by quantitative RT-PCR and revealed that rce1 deletion enhanced the expression of cbh1, eg1, bgl1 and bgl2 on cellulose compared with the control strain ( Fig. 3F-I) . Specifically, the activated transcription of these cellulase genes was not only initiated much earlier but also declined more slowly compared with the induction kinetics in the parental strain. To observe the effects of the absence of Rce1 on other cellulase regulators, their endogenous transcripts were also determined (Fig.  4) . Whereas xyr1 and ace3 levels were relatively increased due to Avicel induction, the expression of other regulators, including cre1, ace1 and ace2, was hardly affected in the absence of Rce1 compared with the control strain. Altogether, the data indicate that rce1 acts in a repressor-like manner to regulate cellulase gene expression. Cre1 mediating carbon catabolite repression (CCR) in T. reesei has been shown to be a major transcriptional repressor of cellulase gene expression (Ilmen et al., 1996) . To investigate its functional relevance to Cre1 and whether Rce1 is involved in CCR, we evaluated the effect of the absence of rce1 or cre1 on cell growth, conidiation and resistance to 2-deoxy-glucose (2-DG). Strains with impaired CCR are insensitive to 2-DG (Allen et al., 1989; Madi et al., A. The transcription of rce1 on glycerol, glucose and Avicel was analyzed by quantitative RT-PCR. Relative gene expression levels at the indicated time intervals were calculated and compared with that on glycerol, which was set to 1. A significant difference (t-test P < 0.05) was detected for the transcription of rce1 when cultured on glycerol or glucose compared with on Avicel for the indicated periods after induction. All of the values are the mean of three biological replicates. Error bars are the SD from the replicates. B. Rce1 orthologs were well-conserved in Trichoderma species and were also present in many other filamentous ascomycete fungi. Representative Rce1 orthologs were first retrieved by BlastP. Amino acid sequence alignment and phylogenetic analysis was then performed with ClustalW and MEGA5.0 respectively. 1997; Xiong et al., 2014) . Whereas the absence of Cre1 severely compromised both vegetative growth and conidiation, there was hardly any difference between the control strain and the Drce1 strains on various carbon sources ( Fig.  5A and B) . When 1% cellobiose and 0.2% 2-DG were used as carbon sources either on plates or in liquid, we found that only the Dcre1 strain showed resistance to 2-DG, whereas the Drce1 strain did not (Fig. 5C ). These data strongly suggest that, in contrast to the global regulator Cre1, Rce1 is not implicated in CCR and is probably a specific repressor for regulating cellulase gene expression.
Rce1 is a nuclear protein that binds to the cbh1 promoter in vitro and in vivo To determine the subcellular localization of Rce1 in T. reesei, a complemented strain expressing GFP-Rce1 under the control of a tcu1 promoter (Lv et al., 2015) was constructed (Supporting Information Fig. S5 ). The GFP fusion did not interfere with the function of Rce1 (Supporting Information Figs. S4 and S6) . Initial tests showed that GFP-Rce1 fluorescence appeared to be equally accumulated in the nucleus when conidia were germinated under cellulase repressing/non-inducing (glucose A-C. Extracellular pNPC activity, protein concentration and b-glucosidase activity of the supernatant from the control strain TU6-RP and Drce1 cultures on 1% (w/v) Avicel for the indicated time periods. Significant differences (t-test *P < 0.05, **P < 0.01) were detected for the extracellular activities between TU6-RP and Drce1 for the indicated time points after induction. D. Western blot analysis for extracellular Cbh1 in the culture supernatant of TU6-RP and Drce1 strains after induction on Avicel. Equal amounts of culture supernatant relative to biomass were loaded for all strains. E. Xylanase activity analysis of the culture supernatant from the control and Drce1 strains grown on 1% (w/v) xylan for the indicated time periods. No significant differences (t-test P > 0.05) were detected for the xylanase activity between the control and Drce1 strains. F-I. Gene transcription of cbh1 (F), eg1 (G), bgl1 (H) and bgl2 (I) was analyzed by quantitative RT-PCR after induction on 1% (w/v) Avicel. The expression level of the actin gene was used as an endogenous control in all samples. Significant differences (t-test P < 0.05) were detected for the transcription of the cbh1 and eg1 genes between TU6-RP and Drce1 after induction for 3 h, 6 h, 24 h and 36 h. Significant differences (t-test *P < 0.05, **P < 0.01) were also detected for the transcription of the bgl1 and bgl2 genes. Values in this figure are the mean of three biological replicates. Error bars are the SD from these replicates.
or glycerol) and inducing (Avicel) conditions ( Fig. 6A-C ). This nuclear recruitment of Rce1 hardly changed when shifting from non-inducing (glycerol) to inducing conditions (sophorose) (Supporting Information Fig. S7 ). Thus, these results indicate that Rce1 is mainly a nuclear protein without a substantial change in its subcellular localization under different culture conditions. Because the cbh1 promoter used in the initial screening was approximately 1.5 kb, further experiments were performed to characterize the region to which Rce1 binds in greater detail. Five cbh1 promoter fragments of approximately 300 bp each were amplified by PCR and tested for binding to the Rce1 segment containing the zinc binuclear cluster domain (amino acids 1-146) as a analyzed by quantitative RT-PCR after induction on 1% (w/v) Avicel. Expression levels of the actin gene were used as an endogenous control in all samples. A significant difference (t-test P < 0.05) was detected for the transcription of xyr1 between the control strain TU6-RP and the Drce1 strain after induction, and for that of ace3 during an early induction (3 h and 6 h). No significant differences were found for the expression of other transcription factors in the absence of Rce1. Values in this figure are the mean of three biological replicates. Error bars are the SD from these replicates.
GST fusion protein (GST-Rce1 1-146 ) via electrophoretic mobility shift assay (EMSA). Significant binding was found to the cbh1-p2 (2325 to 2625), cbh1-p3 (2625 to 2925) and cbh1-p5 (21225 to 21550) fragments ( Fig. 7A-E) . Because binding to fragment cbh1-p3 produced the strongest specific shift, it was further characterized by amplifying shorter DNA fragments to delimit the Rce1-binding region. Of the three subdivided fragments, GST-Rce1 1-146 binding was observed only to the region corresponding to cbh1-p3-2 (-695 to 2828) ( Fig.  7F-H) . Interestingly, this same fragment contains five putative Xyr1 binding sites (three 5 0 -GGCTAA-3 0 , one 5 0 -GGCAAA-3 0 and one 5 0 -TTTGCC-3 0 sites). To test the ability of Rce1 to bind to other cellulase gene promoters, including cbh2, eg1 and bgl1, which have also been shown to contain such Xyr1 binding sites, EMSAs were also performed using probes for these promoter regions ( Fig. 8A-D) . The results showed that, similar to the case for the cbh1 promoter, significant and specific binding of Rce1 was only observed to the respective regions containing the consecutive Xyr1 binding sites. To verify Rce1 binding to the cbh1 promoter in vivo, chromatin immunoprecipitation assays (ChIP) were performed using an anti-GFP antibody (Fig. 8E ). Whereas almost all the detected regions of the cbh1 promoter were shown to be occupied by Rce1 compared with the endogenous actin gene promoter under both noninducing and inducing conditions, the 2800 region (2664 to 2905) of the cbh1 promoter showed a relatively stronger Rce1 binding, and this binding appeared to be enhanced upon induction. The same analysis also showed in vivo binding of Rce1 to regions with Xyr1 binding sites in the cbh2, eg1 and bgl1 promoters (Fig.  8F) . Overall, the EMSA and ChIP results indicate that Rce1 participates in the regulation of cellulase gene expression through directly binding to the cbh1 as well as other cellulase gene promoters.
To confirm the precise DNA regions bound by Rce1 in the upstream cbh1 region, DNase I footprinting assays were performed with purified Rce1 DBD (GST-Rce1 ) and the promoter fragment of cbh1-p3. In accordance with the EMSA results, three apparently protected Rce1 represses cellulase gene expression 71 regions named CS1, CS2 and CS3 were identified in cbh1-p3-2, which contained the last four Xyr1 binding sites ( Fig. 9A and B) . Of the three conserved sequences, CS1 and CS2 showed stronger protection. To dissect the contribution of these sites to Rce1 binding, fragments containing GGC to AAT mutations in these sites were used for EMSA analyses (Fig. 9C) . Whereas mutation of the first GGC motif outside the protected region (UCS) or the last GGC motif in CS3 hardly affected the binding profile of Rce1 (M4 and M1), mutations of the three GGC motifs in CS1 and CS2 (M2) drastically decreased GST-Rce1 1-146 binding activities and mutation of all five GGCs (M3) completely abolished binding, indicating that the combined GGC sequence motifs are critical for Rce1 binding to the cbh1 promoter.
Rce1 antagonizes Xyr1 binding to the cbh1 promoter
Considering that Rce1 binds preferentially to a promoter region containing Xyr1 binding sites, we suspected that Rce1 competes with Xyr1 for binding to these conserved sites. To probe this possibility, recombinant Rce1 and Xyr1 DNA binding domains (DBD) were applied separately or together in EMSAs with cbh1-p3. When applied separately, both Xyr1 and Rce1 DBDs bound to the cbh1-p3, forming distinct protein-DNA complexes with the binding affinity of Xyr1 DBD being apparently higher than that of Rce1 ( Fig. 10A and B) . When the Xyr1 DBD concentration was held constant (0.06 mM) and Rce1 concentrations were increased (0.03-0.12 mM) in the binding reaction, the Xyr1-DNA complex gradually disappeared and the Rce1-DNA complex became predominant (Fig. 10C, lanes 5-8) . To exclude the possibility that Xyr1 and Rce1 co-exist in the final Rce1-DNA complex, we preformed the Xyr1-DNA complex using the same cbh1-p3 fragment labeled with biotin, which was then incubated with increasing Rce1 concentrations. The amount of Xyr1 and Rce1 retained by biotinconjugated DNA was determined by Western blot with anti-His or anti-GST antibodies (Fig. 10D) . In Fig. 7 . EMSA analyses for Rce1 binding to the cbh1 promoter. The cbh1 promoter was divided into the five parts, cbh1-p1, -p2, -p3, -p4 and -p5, each of which were approximately 300 bp long. A. Schematic representation of the location of Xyr1 binding motifs (5 0 -GGC(A/T)-3 0 ) within the 1.5 kb cbh1 promoter region. Symbols above the bars indicate sites on the coding strand and those below the bars represent sites on the non-coding strand. B-F. The binding activity of GST-Rce1 (GST-Rce1 1-146 ) to the different cbh1 promoter fragments as indicated. (G-I) cbh1-p3 was further divided into three smaller parts, cbh1-p3-1 (2829 to 2925), cbh1-p3-2 (2695 to 2828) and cbh1-p3-3 (2625 to 2695), for EMSAs. Nonspecific DNA (indicated as NC) and GST were included as controls. These results are representative of two experiments with similar results.
accordance with EMSA results, higher Rce1 concentrations caused a marked decrease in Xyr1 retention with a simultaneous increase in Rce1 binding. These data strongly indicate that Rce1 competes with Xyr1 for cbh1 promoter region occupancy in vitro. To determine whether Rce1 affects the Xyr1 occupancy on the cbh1 promoter in vivo, ChIP assay was performed to monitor the association of Xyr1 with the cbh1 2800 region in the control and an Rce1-overexpressing strain (OErce1). As shown in Fig. 10E , the association of Xyr1 with the promoter decreased dramatically in the Rce1-overexpressing strain upon cellulose induction.
To investigate whether the identified antagonizing effect exerted by Rce1 on Xyr1 indeed regulates cellulase transcription in vivo, the induced expression of cellulases was analyzed in the control and Rce1-and/or Xyr1-overepxressing strains (Supporting Information Fig. S8 ). Whereas overexpressing rce1 (OErce1) significantly decreased cellulase gene expression (Fig. 11A-C) , the simultaneous overexpression of Xyr1 in the OErce1 strain (OExyr1 1 OErce1) fully restored cellulase gene expression as evidenced by the almost normal extracellular cellulase production as well as cbh1 gene transcription ( Fig.  11D-F) . The restored transcription upon induction was further found to correlate with the comparable Xyr1 occupancy of the cbh1 promoter in both the OExyr1 1 OErce1 and OExyr1 strains (Fig. 10F) . Summarizing these data, we can conclude that Rce1 is directly involved in regulating cellulase gene expression by antagonizing Xyr1 for binding to the cbh1 promoter.
Discussion
In this study, we identified a trans-acting factor Rce1 that specifically binds to the upstream regulatory region in the T. reesei cbh1 promoter. We showed that a Drce1 strain displayed enhanced cellulase production by both facilitating the initiation and dampening the termination of induced cellulase gene transcription. Furthermore, we demonstrated that Rce1 exerts its negative regulatory role probably through directly antagonizing Xyr1 function by competing for its binding sites on target promoters.
The regulation of cellulase gene expression has been extensively investigated in T. reesei, and the process has been shown to be controlled by a suit of transcription factors including the positive regulators Ace2, Ace3, Xyr1 and Hap2/3/5 (Aro et al., 2001; Zeilinger et al., 2001; Stricker et al., 2006; Hakkinen et al., 2014) . However, knowledge regarding DNA repressors of cellulase genes has been limited to only two negative regulators, Ace1 and the carbon catabolic repressor Cre1 (Ilmen et al., 1996; Saloheimo, 2000) . Whereas Xyr1 is absolutely necessary for activating the expression of most cellulases and hemicellulases in T.
reesei, the Cys2His2 type transcription factor Cre1 is the main transcription factor that mediates carbon catabolite repression (CCR) of cellulase gene expression. Although Cre1 has been shown to be present in the nucleus and may bind inverted and direct repeats (5 0 -SYGGR-3 0 ) in the upstream gene regulatory regions (Takashima et al., 1996; Lichius et al., 2014) , evidence suggests that there is no correlation between gene expression and the number of putative Cre1 binding sites in the promoter regions of cellulolytic and xylanolytic genes (Castro Ldos et al., 2014) . RNA sequencing combined with in silico cis-regulatory element analyses further revealed that Cre1 acts more like a master regulator of carbon metabolism and that most Cre1 targets appear to be indirectly regulated by Cre1 . In sharp contrast to the severe phenotypic changes resulting from the absence of Cre1, rce1 deletion had hardly any effects on growth or conidiation. More importantly, Rce1 does not appear to be implicated in CCR due to the observation that the Drce1 strain was still sensitive to 2-DG. Rce1 was also found to directly bind to cellulase gene promoters in vitro and in vivo, as revealed by EMSA and ChIP analyses respectively. The observation that Rce1 strongly binds to a cbh1 promoter region, which contains five clustered Xyr1 binding sites and have been demonstrated to be the major binding region for Xyr1 (Furukawa et al., 2009) , prompted us to assume that Rce1 may act on Xyr1 to negatively regulate the expression of cellulase genes. Further analyses confirmed that Rce1 competes with Xyr1 for binding to the 2828 to 2695 regions in the cbh1 promoter. A similar mechanism has been shown for another negative regulator, Ace1, which competes with Xyr1 for the 3 0 -part of an inverted 5 0 -GGCTAA-3 0 repeat motif where Xyr1 binds the strongest (Rauscher et al., 2006) . GGC core nucleotides are therefore probably an essential feature of the consensus sequences for recognition by Zn(II)2Cys6-type regulators including Xyr1 and Rce1. Correspondingly, our ChIP analyses revealed that Rce1 overexpression interfered with Xyr1 binding to the cellulase gene promoter. Moreover, the slightly enhanced binding of Rce1 to the cbh1 promoter following Avicel induction compared with under non-inducing conditions was observed, indicating a potentially important role for Rce1 in terminating the induction process. On the other hand, Rce1 was also found to exert a negative effect on the moderately induced transcription of xyr1 and another cellulase gene activator ace3, though its own expression was found to be significantly lower upon induction. Together these combinatorial effects following induction correlate well with the significantly facilitated induction process present in the absence of Rce1.
Our data support a regulatory model where Rce1 functions during different stages of cellulolytic response in T. reesei (Fig. 12) . Under repressing conditions with glucose as the carbon source, Cre1-mediated CCR synergizes with Rce1 and probably Ace1 to inhibit/prevent the transcription of cellulase genes as well as the positive cellulase gene regulators and promote a high rate of glycolysis for biosynthesis and energy production. Upon cellulose induction, CCR is relieved and increasing levels of Xyr1 are able to compete with Rce1 and/or Ace1 for binding to cellulase gene promoters, thus leading to the efficient induction of cellulolytic genes in response to cellulose. During a later stage of induction when more glucose is released from cellulose, Rce1, which displays a higher binding strength, may again act in concert with CCR not only on cellulase genes but also on xyr1 and/or ace3 to fully terminate the cellulolytic responses.
In eukaryotic organisms, appropriate transcriptional regulation often requires the combinatorial and synergistic actions of different repressors and activators bound at multiple sites of the promoter. Several lines of evidence strongly suggest that (hemi)-cellulase expression in T. reesei is under the control of an as-yet-unknown robust regulatory network. In this respect, many cellulolytic enzyme hyper-producers, such as T. reesei RUT-C30 and PC-3-7, not only show relief from CCR but also contain additional mutations in transcription factor encoding genes that contribute to the hyper-production phenotype (Le Crom et al., 2009; Nitta et al., 2012 , Porciuncula Jde et al., 2013 . A better understanding of such a network therefore holds the key for a more cost-effective implementation of T. reesei in the biofuel industry by reducing the costs of producing enzymatic cocktails and expanding the biotechnological potential of this fungus. Built upon the characterization of the identified Rce1 in the present study, it would be interesting to determine whether combined mutations in the three negative regulators as well as other unknown factors could be implemented to achieve a possible synergistic effect for the hyperproduction of lignocellulose enzymes in T. reesei.
Experimental procedures

Strains and culture conditions
Escherichia coli DH5a cells were used for plasmid construction and E. coli Origami BL21 (DE3) cells were used as a host for the production of the recombinant proteins.
Both strains were cultured in lysogeny broth with a rotary shaker (200 rpm) at 378C.
The Saccharomyces cerevisiae strain Y187 (MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4D, gal80D, met -, URA3::GAL1 UAS -Gal1 TATA -LacZ MEL1) was used as the host for the one-hybrid screen. Yeast cells were routinely cultivated at 308C in YPD medium (1% yeast extract, 2% peptone and 2% glucose). Synthetic Complete (SC) medium lacking tryptophan and leucine with 100 ng ml 21 of AbA was used for transformant selection, and growth was allowed for the indicated periods at 308C. For plate growth assays, serial dilutions of yeast cell suspensions were spotted onto selective plates containing 100 ng ml 21 of AbA. Trichoderma reesei TU-6 (ATCC MYA-256), a uridine auxotroph of T. reesei, and QM9414 (ATCC 26921), were used throughout this work as parental strains. A pyr4-complemented TU-6 strain named TU6-RP, wherein the pyr4 gene was homologously integrated into its native locus, was used as a control strain. All T. reesei strains were maintained on malt extract agar supplemented with 10 mM uridine when necessary. For the transcription and cellulase production analyses, T. reesei strains were pre-grown in 1 l Erlenmeyer flasks on a rotary shaker (200 rpm) at 308C in 250 ml Mandels-Andreotti (MA) medium with 1% (v/v) glycerol as the carbon source for 48 h as previously described (Zhang et al., 2013) . Mycelia were harvested by filtration and washed twice with medium without a carbon source. Equal amounts of mycelia were then transferred to fresh medium without peptone containing 1% (w/v) Avicel or other carbon sources as indicated, and incubation was continued for the indicated time periods.
Plasmid construction for the yeast-based screen
The reporter plasmid used for the yeast one-hybrid screen was constructed by amplifying the AbA resistance gene AUR1-C from S. cerevisiae Y2H Gold (Clontech) genomic DNA and inserting it into pRS304 that had been digested with XhoI/NotI. The S. cerevisiae gal1 core promoter was amplified from S. cerevisiae genomic DNA and inserted upstream of the AUR1-C gene within the ApaI and XhoI sites to obtain the pRS1 plasmid. The 1.5 kb cbh1 promoter amplified from T. reesei genomic DNA was finally ligated into the pRS1 plasmid digested with KpnI and ApaI to obtain the bait plasmid pRS2.
For the construction of the lacZ-based reporter plasmid, the lacZ coding sequence was amplified from E. coli genomic DNA with primers containing XhoI and NotI sites. The digested lacZ fragment was ligated into pRS414 to obtain pRS414lacZ. The S. cerevisiae gal1 core promoter A. Schematic representation of the location of Xyr1 binding motifs (5 0 -GGC(A/T)-3 0 ) within the 1.5 kb promoter region of the cbh2, eg1 and bgl1 genes. Symbols above the bars indicate sites on the coding strand and those below the bars represent sites on the non-coding strand. B-D. The binding activity of GST-Rce1 (GST-Rce1 1-146 ) to the cbh2, eg1 and bgl1 promoter regions, respectively, with Xyr1 binding sites. A bgl1 promoter region without Xyr1 binding sites (bgl1-p1) was also included as a control. E. ChIP assay for Rce1 binding to different regions of the cbh1 promoter under glycerol or Avicel culture conditions. The promoter regions are defined as follows: Pcbh1-200 (-179 to 2355), Pcbh1-500 (-460 to 2559), Pcbh1-800 (-664 to 2905), Pcbh1-1000 (-952 to 21149) and Pcbh1-1400 (-1286 to 21427). At the indicted time points, anti-GFP antibody was used to precipitate GFP-Rce1 bound to the cbh1 promoter, and the actin promoter was used as a negative control. F. ChIP assay for Rce1 binding to different regions on the cbh2, eg1 and bgl1 promoters after induction for 9 h on 1% Avicel. The results shown are the means for three independent experiments. Error bars are the SD from the replicates. and the full length cbh1 promoter region were then inserted upstream of lacZ within the KpnI and XhoI sites using fusion extension PCR to obatin the Pcbh1 plasmid (Heckman and Pease, 2007) .
For preparation of the cDNA library, strain QM9414 mycelia induced on Avicel for 3 h were harvested and mRNAs were extracted using the TRIzol reagent (Invitrogen). A cDNA library was constructed by ligating the Fig. 9 . Identification of the sequence bound by Rce1 in the cbh1 upstream region.
A. Identification of the Rce1-protected cis elements in the cbh1 upstream region (cbh1-p3) by using DNase I footprinting assay. The colored lines represent the following different concentrations of GST-Rce1 1-146 used: (1) red, 0 mg and (2) blue, 3.0 mg. The three putative Rce1 binding regions CS1, CS2 and CS3 were delineated and their base sequences are shown in the figure from 5 0 to 3 0 . B. The sense strand sequences of WT cbh1-p3-2 and the four mutated fragments (M1, M2, M3 and M4) are indicated from 5 0 to 3 0 . The three protected regions CS1, CS2 and CS3 and an unprotected region UCS were overlined. The putative Xyr1 binding sites are highlighted in blue with underlined 5 0 -GGC-3 0 bases changed to AAT in the mutated fragments. C. DNA binding analyses of recombinant Rce1 with WTand four mutated probes corresponding to cbh1-p3-2. Different quantities of recombinant proteins with a constant amount (150 ng) of DNA probe were added to each reaction. These results are representative of two experiments with similar results.
reverse transcribed cDNA fragments into the pGADT7 plasmid according to the Matchmaker two-hybrid system manual (Clontech).
Isolation of rce1 cDNA from the T. reesei cDNA library
The reporter plasmid pRS2 was transformed into Y187 to obtain the bait strain, which could not grow on plates with 100 ng ml 21 AbA, indicating that the cbh1 promoter could not drive reporter gene expression by itself. Ten micrograms of T. reesei cDNA library plasmid were then transformed into the bait strain. Transformants were selected on SC plates lacking tryptophan and leucine but containing 100 ng ml 21 AbA. The colonies were picked and the harbored plasmids were verified by DNA sequencing after retransformation. A-C. EMSA analysis of DNA binding to recombinant Rce1 DBD (GST-Rce1 1-146 ) and Xyr1 DBD (Xyr1 1-195 -His) separately (A and B) or simultaneously (C) to the promoter fragment cbh1-p3. Approximately 150 ng of DNA probe was added to each reaction. D. Different concentrations of Xyr1-His were first incubated separately or together with Rce1-GST with 1 lg of biotin-labeled cbh1-p3 probe, which were then pulled down by streptavidin-agarose beads. Xyr1-His and GST-Rce1 retained in the pulled-down complex were detected with anti-His and anti-GST antibodies respectively. These results were representative of at least two experiments with similar results. E and F. ChIP analyses of Xyr1 binding to the 2800 region in the cbh1 promoter in the control strain, strains overexpressing rce1 (OErce1) or Xyr1 (OExyr1), and OExyr1 simultaneously overexpressing rec1 and xyr1 (OErce1 1 OExyr1) under glycerol or Avicel culture conditions. At the indicated time points, anti-Xyr1 antibody was used to precipitate Xyr1 bound to the cbh1 promoter. Significant differences (t-test P < 0.05) were detected for Xyr1 binding between TU6-RP and the OErce1 strain after induction for 6 h, 9 h and 24 h. The data shown are the means for three independent experiments. Fig. 11 . Rce1 overexpression results in reduced cellulase induction on cellulose, which is relieved by simultaneous xyr1 overexpression.
A. Extracellular pNPC activities from TU6-RP and three independent OErce1 transformant cultures with 1% (w/v) Avicel induction. A significant difference (t-test P < 0.05) was detected between TU6-RP and OErce1 strains after 36 h of induction. B and C. Induced transcription of cbh1 and eg1 from one representative OErce1 transformant on Avicel was analyzed by quantitative RT-PCR. Actin expression was used as an endogenous control in all the samples. Significant differences (t-test P < 0.05) were detected for cbh1 and eg1 transcription between the TU6-RP and OErce1 strains upon induction at 3 h, 6 h and 24 h. D. Rce1 transcription in OExyr1 and three independent transformants of OExyr1 1 OErce1 strain on Avicel analyzed by quantitative RT-PCR. E. Extracellular pNPC activity from the strain overexpressing xyr1 (OExyr1) and three independent transformants of OExyr1 simultaneously overexpressing rce1 (OExyr1 1 OErce1) cultured on 1% (w/v) Avicel for the indicated time periods. F. Cbh1 transcription in OExyr1 and three independent transformants of OExyr1 1 OErce1 strain by quantitative RT-PCR induced on Avicel. No significant differences (t-test P > 0.05) were detected for the extracellular pNPC activity or cbh1 transcription between the OExyr1 and OExyr1 1 OErce1 strains at the indicated time points after induction. Values are the mean of three biological replicates. Error bars are the SD from the replicates.
Rce1 gene disruption or overexpression plasmids and recombinant T. reesei strain construction
To delete rce1, two DNA fragments corresponding to approximately 2.5 kb of rce1 up-and downstream noncoding regions were amplified from QM9414 genomic DNA and ligated into pDONORpyr4 via BP-cloning (Invitrogen) to yield the disruption vector pDONORrce1pyr4, which was used to transform T. reesei after linearization with I-SceI. The pDONORpyr4 plasmid was obtained as described previously (Zhang et al., 2013) . Similarly, to delete cre1, approximately 2.2 kb of up-and 1.8 kb of downstream cre1 non-coding regions were amplified from QM9414 genomic DNA and ligated into pDONORpyr4 via BP-cloning to yield the pDONORcre1pyr4 disruption vector, which was used to transform T. reesei TU-6 after linearization with I-SceI.
To achieve rce1 gene overexpression, the rce1 coding sequence was amplified from genomic DNA and inserted into the AscI and SpeI sites in the pMDPtcu1-TtrpC plasmid (Lv et al., 2015) to generate pMDPtcu1-rce1-TtrpC. To determine the subcellular localization of GFP-Rce1 and Cre1-GFP, the rce1 and cre1 coding sequences were amplified from pAS6 and QM9414 cDNA, respectively, digested with AscI and SpeI for rce1 or AscI and MssI for cre1, and then ligated into the pMDPtcu1-gfp-TtrpC plasmid (Lv et al., 2015) to generate the pMDPtcu1-gfp-rce1-TtrpC and pMDPtcu1-cre1-gfp-TtrpC plasmids respectively. To achieve xyr1 gene overexpression at the pyr4 locus, a hygromycin-resistant cassette was first amplified from the pRLMex30 plasmid (Mach et al., 1994) and ligated into the pMD TM 19-T (Takara) XhoI and EcoRI sites to obtain the pMT1 plasmid, which included a trpC terminator inserted between the NotI and XhoI sites. Two DNA fragments of approximately 2.0 kb of up-and 1.9 kb downstream pyr4 non-coding regions were amplified from QM9414 genomic DNA, digested with HindIII/PmeI and EcoRI/NcoI, respectively, and ligated into the pMT1 plasmid to give the pMT2 plasmid. The 1.7 kb tcu1 promoter was then amplified from genomic DNA and ligated into pMT2 in the PmeI and AscI sites to obtain the pMT3 plasmid. The xyr1 coding sequence was finally amplified from genomic DNA and inserted into pMT3 in the AscI and NotI sites to generate the pMTtcu1-xyr1-pyr4 plasmid, which was linearized with SpeI before being transformed into the Dxyr1 strain to obtain the OExyr1 strain. Strain OExyr1 1 OErce1 was further constructed by transforming OExyr1 with the pMDPtcu1-rce1-TtrpC plasmid.
To complement the Drce1 strain with rce1 or gfp-rce1 under the control of the native rce1 promoter, two DNA fragments corresponding to approximately 2.2 kb of upand 1.9 kb of downstream rce1 non-coding regions were amplified from QM9414 genomic DNA and ligated into the pMC1 plasmid, which is the same as pMT1 except the cbh2 terminator was inserted instead of the trpC terminator using SmaI/AscI and ApaI/EcoRI, respectively, to obtain the pMC2 plasmid. The rce1 and gfp-rce1 coding sequences were then amplified from genomic DNA and the pMDPtcu1-gfp-rce1-TtrpC plasmid, respectively, and ligated into the pMC2 AscI and NotI sites to obtain the pMCRerce1 and pMCRe-gfp-rce1 plasmids respectively. These two plasmids were linearized with SspI before being transformed into the Drce1 strain.
Trichoderma reesei transformation was carried out essentially as previously described (Zhou et al., 2012) . The transformants were selected on minimal medium for either uridine prototroph or for resistance to hygromycin (120 mg ml
21
). Southern blot and anchored PCR were used to verify the correct integration events.
Vegetative growth assays
To assay vegetative growth, equal amounts of growing mycelia were inoculated on minimal media agar plates containing different carbon sources (glucose, glycerol, cellobiose or lactose) or on malt extract agar plates and incubated at 308C for 3 days. To analyze the Drce1 CCR function, the wild-type and the mutant strains were cultured on MM with 1% (w/v) cellobiose or 1% (w/v) cellobiose plus 0.2% (w/v) 2-DG as the carbon sources and incubated at 308C for 3 days.
To determine the growth in liquid culture, equal amounts of mycelia were transferred to fresh MA with 1% (w/v) glucose or 1% (w/v) Avicel as the sole carbon source. At the indicated time points, mycelia cultured on glucose were filtrated on filter paper, dried at 708C for 48 h, and then weighed. For Avicel cultures, the intracellular total protein concentration was determined as described previously (Schuster et al., 2011) .
Fluorescence microscopy
To visualize GFP-Rce1, recombinant strain spores were inoculated and germinated in MM medium containing 1% (w/v) glucose for 16 h or in MA medium containing either 1% (v/v) glycerol for 24 h or 1% (w/v) Avicel for 36 h at 308C. After incubation, germlings were fixed on the coverslips using methanol and then stained with 100 lg ml 21 of DAPI (4 0 ,6-diamidino-2-phenylindole dihydrochloride) solution in 50% glycerol for 5 min. The GFP-Rce1 fluorescence was detected with a Nikon Eclipse 80i fluorescence microscope (Nikon, Melville, NY, USA), and images were captured and processed with the NIS-ELEMENTSAR software. To analyze any potential dynamics in GFP-Rce1 and Cre1-GFP subcellular localization, conidia from the respective recombinant strains were inoculated in MA medium containing 1% (v/v) glycerol for 24 h at 308C before 1 mM sophorose was added. Then, the strains were further incubated for different time periods for microscopic analysis.
Enzyme activity and protein analysis
Cellobiohydrolase and b-glucosidase activities were determined by measuring the amount of released p-nitrophenol using p-nitrophenyl-D-cellobioside (pNPC; Sigma) and p-nitrophenyl-b-D-glucopyranoside (pNPG; Sigma) as the substrates respectively. The cellulase activity assays were performed in 200 ll reaction mixtures containing 50 ll of culture supernatant and 50 ll of the respective substrate plus 100 ll of 50 mM sodium acetate buffer (pH 4.8) and then incubated at 458C for 30 min. Total secreted and intracellular proteins were determined using the Bradford protein assay with bovine serum albumin (BSA) as a standard. SDS-PAGE and Western blotting were performed according to standard protocols and Cbh1 was immunoblotted using a polyclonal antibody raised against amino acids 426-446 of the protein, as previously described (Zhou et al., 2012) .
Quantitative RT-PCR (qRT-PCR)
Total RNAs were extracted using the TRIzol reagent (Invitrogen, Grand Island, NY, USA) and purified using the TURBO DNA-free kit (Ambion, Austin, TX, USA) to eliminate genomic DNA contamination according to the manufacturer's instructions. Reverse transcription was performed using the PrimeScript RT reagent Kit (Takara, Japan) according to the instructions. Quantitative PCR was performed using SYBR green supermix (TaKaRa) on a BioRad myIQ2 thermocycler (Bio-Rad). Data analysis was performed using the relative quantitation/comparative CT (DDCT) method and were normalized to an endogenous control (actin), with expression on glycerol as the reference sample. Three biological replicates were performed for each analysis and the results and errors are the mean and SD, respectively, from the replicates. Statistical analysis was performed using the student's t-test analysis.
Protein production in E. coli For the expression of the Rce1 and Xyr1 zinc binuclear cluster DNA binding motifs in E. coli, the DNA fragment coding for the Rce1 (amino acids 1-146) DNA binding domain was amplified from the pAS6 plasmid and was inserted into the pGEX4T-1 vector after digestion with BamHI and NotI to obtain the pGEX4T-1-Rce1 1-146 plasmid. Similarly, the Xyr1(amino acids 1-195) DNA binding domain was amplified from the pMDPtcu1-xyr1-TtrpC plasmid (Lv et al., 2015) and ligated into the pET22b(1) expression vector after digestion with NdeI and XhoI. To purify the Xyr1 DBD and Rce1 DBD 1-146 , E. coli strains with the indicated expression constructs were grown at 378C until they reached an OD 600 of 0.5-0.6. IPTG (isopropyl-b-D-thiogalactopyranoside) was added at a final concentration of 1 mM followed by continued incubation for 16 h at 208C. The induced proteins were purified with Glutathione Sepharose 4B (GE Healthcare) or Ni-nitrilotriacetic acid-agarose (Qiagen), essentially according to the manufacturer's instructions. The fusion proteins were eluted using 50 mM Tris-HCl (pH 8.0), 10 mM glutathione and 250 mM imidazole in 10 mM sodium phosphate buffer (pH 7.5). All of the protein preparations were stored at 2808C in the presence of 20% (v/v) glycerol.
Electrophoretic mobility shift (EMSA) and competitive binding assays
For binding studies, the cbh1 promoter was divided into the following five parts: (1) cbh1-p1 (21 to 2325), (2) cbh1-p2 (2325 to 2625), (3) cbh1-p3 (2625 to 2925), (4) cbh1-p4 (2925 to 21225) and (5) cbh1-p5 (21225 to 21550). Each fragment was amplified from the pRS2 plasmid. Sitedirected mutagenesis of cbh1-p3-2 (2695 to 2828) was performed using PCR to introduce specific point mutations. The other cellulase gene promoters were divided into the following pieces: (1) cbh2-p1 (2240 to 2381), (2) cbh2-p2 (2362 to 2556), (3) eg1-p1 (2187 to 2296), (4) eg1-p2 (2374 to 2564), (5) bgl1-p1 (228 to 2113) and (6) bgl1-p2 (2750 to 2966). All of these fragments were amplified from strain QM9414 genomic DNA. For the EMSA reactions, different quantities of the recombinant proteins were preincubated with a constant amount (150 ng) of DNA probe in buffer A (10 mM Tris, 50 mM KCl and 1 mM DTT at pH 7.5) at 258C for 30 min; a DNA fragment from the actin promoter was used as a control. After incubation, the DNA-protein complexes and free DNA were separated by electrophoresis in nondenaturing 6% polyacrylamide gels with 0.5 X TBE running buffer at 48C and stained with ethidium bromide. Competitive EMSAs were performed similarly, except that Rce1 and Xyr1 were incubated either separately or simultaneously with 150 ng of cbh1-p3 for EMSA analysis.
For the competitive binding assays, the cbh1-p3 fragment with its template strand conjugated to a biotin moiety at the 3 0 end was used. Different concentrations of Xyr1 DBD 1-195 -His were incubated either separately or simultaneously with increasing concentrations of Rce1 DBD (GST-Rce1 1-146 ) with 1 lg of biotin-labeled probe in buffer B (50 mM Tris-HCl (pH 7.5), and 5 mM NaCl) at 258C for 30 min (Deng et al., 2003) . The samples were then rotated for 4 h at 48C before being pelleted with streptavidin-agarose beads (Novagen) and washed three times with buffer B. The proteins retained on the beads were eluted by heating at 1008C with 4 3 SDS sample buffer. The DNA bound to the Xyr1 and Rce1 proteins were detected by immunoblot with anti-His (#A5588-5ml, Sigma) and anti-GST (#66001, Proteintech) antibodies respectively.
Chromatin immunoprecipitation (ChIP) analysis
ChIP assays were performed according to a previously described protocol (Li et al., 2010) . Briefly, the mycelia were fixed in minimal medium containing 1% formaldehyde at 308C for 10 min with shaking before the cross-linking was quenched via the addition of 25 ml of 1.25 M glycine for 5 min. The mycelia were then collected, ground in liquid N 2 and broken in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF (phenylmethanesulfonyl fluoride), 1 lg ml 21 leupeptin, and 1 lg ml 21 pepstatin) with glass beads (0.45 mm). This crude lysate was further sonicated to obtain an average DNA fragment size of approximately 500 bp. Immunoprecipitation was performed by incubating anti-GFP or anti-Xyr1 antibody, which was prepared by immunizing rabbits with a KHL-conjugated peptide (aa 106-119) from the Xyr1 DNA binding domain, with an aliquot of the clarified cell lysates containing equal amounts of protein (2 mg) at 48C for 5 h. Forty microliters of protein A/G beads pre-coated with 1 mg ml 21 of BSA and 1 mg ml 21 of fish sperm DNA were used per IP. Following immunoprecipitation and extensive sequential washes, the DNA was eluted with elution buffer (100 mM Tris-HCl (pH 7.8), 10 mM EDTA, 1% SDS, 10 mM NaHCO 3 and 100 mM NaCl) at 658C for 5 h and recovered by proteinase K treatment of the pelleted samples at 458C for 1 h, phenol-chloroform extraction and ethanol precipitation. Quantitative PCR was performed on the precipitated chromatin DNAs using a Bio-Rad IQ5 thermocycler (Bio-Rad) and the SYBR Green Supermix (Takara). Relative enrichment of the DNAs was calculated as a percentage of the input DNA.
DNase I footprinting assay
For the DNase I footprinting assay, cbh1-p3, which was cloned into the pEASY-T1 vector to generate pEASY-T1-cbh1-p3, was used as the target. To prepare the sensestrand probe, the cbh1 promoter region was amplified from the pEASY-T1-cbh1-p3 plasmid using Dpx DNA Polymerase (TOLO Biotech) and the M13F-47 and M13R-48 (FAM) primers. For each assay, 400 ng of probe was incubated with different amounts of GST-Rce1 1-146 protein in a total volume of 40 ml. After incubation for 30 min at 258C, 10 ml of solution containing approximately 0.015 units of DNase I (Promega) and 100 nmol freshly prepared CaCl 2 was added, followed by further incubation for 1 min at 258C. The reaction was stopped by adding 140 ml of DNase I stop solution (200 mM unbuffered sodium acetate, 30 mM EDTA and 0.15% SDS). The samples were extracted with phenol/chloroform, precipitated with ethanol, and the pellets were subsequently dissolved in 30 ml MiniQ water. The preparation of the DNA ladder, electrophoresis and data analysis were performed as described previously (Wang et al., 2012) . The assay was repeated three times to achieve stability.
Sequence analysis
Amino acid sequences from T. reesei and other Rce1 relevant species were obtained from the NCBI database. Amino acid sequence alignment was performed using ClustalW (Larkin et al., 2007) . Phylogenetic analysis was performed with MEGA5.0 (Tamura et al., 2011) using the neighborjoining method with 1000 bootstraps.
